Introduction {#S0001}
============

Neuropathic pain (NP) is defined as the pain resulting from damage or injury to the somatosensory system. This type of pain is challenging to treat; common causes include chemotherapy, diabetes, ischemic disease, HIV, alcoholism, multiple sclerosis and surgery.[@CIT0001] NP is majorly accompanied by symptoms such as allodynia (pain resulting from a normal non-painful stimulus such as a gentle touch due to amplified neuronal response) and hyperalgesia (increased pain sensitivity). The current treatment options for NP include pharmacology and intervention approaches. Although a variety of strategies are used for the management of NP, very few have shown clinical success. [@CIT0001] In addition, insufficient pain relief, addiction, tolerance and severe side effects of analgesics are limitations that require innovative therapeutic interventions. The limited effectiveness of pharmacological interventions is due to the numerous etiologies of neuropathic pain.

Recent studies have revealed that reactive oxygen species (ROS) play a critical role in triggering, establishing, and maintaining NP.[@CIT0002] The increased lipid content in the neural network leaves it very vulnerable to ROS. Earlier studies have suggested that oxidative stress in the spinal cord plays an important role in pain hypersensitivities induced by peripheral nerve damage and cutaneous neurogenic inflammation.[@CIT0003]--[@CIT0005] Accumulation of ROS in the spinal cord is known to play a major role in the development of neuropathic pain by activation of several inflammatory mediators such which enhance the neuronal excitability.[@CIT0006]--[@CIT0008] Specifically, ROS scavengers such as *N-tert*-butyl-α-phenylnitrone, 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl and vitamin E were shown to reverse mechanical allodynia.[@CIT0009]--[@CIT0011] Though ROS is known to play a major role in establishing and maintaining NP, there is a shortage of effective clinical treatments that primarily target ROS system. Collectively, these studies suggest that ROS play an important role in central sensitization mechanism for mechanical allodynia and it is worth studying the effect of ROS scavengers in neuropathic pain treatment.

Antioxidants are the substances that can eliminate the fatal consequences from ROS. The natural antioxidants are primarily of three types: phytochemicals, vitamins, and enzymes.[@CIT0012] Though natural antioxidants are efficient in ROS scavenging, their high sensitivity towards environmental conditions such as temperature, pH, low bioavailability and short half-life limits their usage in a clinical setting. In addition, natural antioxidants are hard to mass produce.[@CIT0013] Therefore, rigorous efforts have been made to develop artificial ROS scavengers to overcome the limitations of the natural antioxidants.[@CIT0014]

In recent years, catalytic NPs bearing anti-oxidant like properties (termed as nano-antioxidants) have garnered significant attention.[@CIT0015] These nano-antioxidants have numerous advantages over natural anti-oxidants, such as the ease of mass production, high thermal and biological stability, multi-functionality, and tunable nature. A variety of inorganic nanoparticles with ROS scavenging properties have been discovered.[@CIT0016] For instance, cerium oxide (CeO~2~) and yttrium oxide (Y~2~O~3~) are known to mimic natural antioxidant enzymes like superoxide dismutase (SOD) and catalase (CAT).[@CIT0017] Both CeO~2~ and Y~2~O~3~ NPs are reported to possess neuroprotective properties and are known to have therapeutic qualities in the treatment of neurodegenerative diseases.[@CIT0017] Among the two, particularly CeO~2~ NPs are known to catalyze the same electron transfer reactions as glutathione, SOD and CAT by switching their mixed valance states Ce^3+^ and Ce^4+^ and scavenge the superoxide anions, hydrogen peroxide and peroxynitrite radicals.[@CIT0018]

Among other nano-antioxidants studied, MONPs have garnered significant attention, due to the numerous oxidation states of manganese (II, III, IV and VII), which make it possible to serve as a redox medium for ROS scavenging with multi-enzymatic functions. Recently, Singh et al have demonstrated that MONPs can protect the cells from oxidative damage to cellular components such as DNA, protein and lipids without the dependence on endogenous antioxidant machinery.[@CIT0019] However, till date, only a few Mn-based nano-oxidants have been developed for applications in vivo. Recently, MONPs are shown to bear ROS scavenging properties in vivo for hyperbilirubinemia, hepatic fibrosis and ear-inflammation.[@CIT0020]--[@CIT0022] However, manganese oxide nano-antioxidants have not yet been studied for the treatment of neuropathic paint.

To fill this gap, herein we synthesized MONPs that possessed remarkable antioxidant properties. We showed that the MONPs not only exhibited excellent ROS removal capabilities in vitro in bone marrow-derived macrophages but also effectively alleviated neuropathic pain in vivo in Wistar rats through the suppression of COX-2 levels.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Manganese (II) acetate tetrahydrate was purchased from Chem-Impex international, hydrogen peroxide (H~2~O~2~, 30%) was obtained from Merck-Millipore, 2′,7′-dichlorofluorescin diacetate (DCFHDA) and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) are purchased from Sigma Aldrich. All chemical reagents were used as received without any further purification. All aqueous solutions were prepared using deionized water.

Animals {#S0002-S2002}
-------

The protocols used in our study were reviewed and approved by the Animal Care and Use Committee of the National Defense Medical Center and comply with the guidelines given by National Institute of Health Guide for the Care and Use of Laboratory Animals. Male Wistar at 7 weeks of age (BioLASCO Taiwan Co., Ltd., Taiwan) were housed (2 per cage) with soft bedding material on a 12 hr night/day cycle with unrestricted access to food and water. All efforts were taken to minimize the animal number and suffering.

Instrumentation {#S0002-S2003}
---------------

Transmission electron microscopy (TEM) images were obtained on a Tecnai G2 TF 20 Super Twin electron microscope and the images were acquired by using Digital Micrograph (Gatan, Inc.). UV--vis spectra were recorded using a Genequant-1300 series spectrophotometer. The size determination of MONPs was performed with a nanoparticle tracking (NTA) (Nanosight NS 300, Malvern, PA, USA) system. The size of the particles was evaluated in a buffer solution (pH7.4). The crystalline structure was analyzed using XRD (PAnalytical X'pert PRO) with Cu-Kα radiation (=1.541À). FT-IR spectra were recorded using the Bruker Alpha spectrometer with a KBr pellet. Approximately 1 mg of a sample was mixed with 300 mg of dried KBr and then pressed.

Synthesis of MONPs {#S0002-S2004}
------------------

The MONPs were synthesized using the following procedure.[@CIT0020],[@CIT0023] Firstly, 1.225 g of manganese (II) acetate tetrahydrate was dissolved in 60 mL anhydrous ethanol and stirred for 30 mins. Then the mixture was transferred into a teflon-lined stainless-steel container and autoclaved overnight at 120 °C temperature. The obtained dark brown nanoparticle precipitants are repeatedly washed with deionized water and stored in ethanol at room temperature for further use.

LDH Assay {#S0002-S2005}
---------

Cytotoxicity of MONPs was evaluated using an LDH cytotoxicity detection kit (Roche applied sciences). This assay measures the leakage of cytoplasm enzyme lactate dehydrogenase (LDH) up on cellular damage. CNS-1 cells obtained from ATCC are 1 × 10^4^ cells are cultured in 96 plates in 10% DMEM for 1 day and were treated with increasing concentrations of MONPs (10, 20, 40, 60, and 100 μg/mL). After 48 hrs, supernatant was collected and incubated with reaction mixture. The LDH catalyzed conversion leads to the reduction of tetrazolium salt to formosan, which can be read at 490 nm. TitonX-100 was used as a positive control and DMEM is used as a negative control. Any significant increase in LDH levels would indicate cell membrane damage or death.

DPPH Radical Scavenging Assay {#S0002-S2006}
-----------------------------

The DPPH radical scavenging activity of manganese nanoparticles was determined according to the previously reported procedure.[@CIT0024] Different concentrations (5000 μg/mL--40 μg/mL) of nanoparticles are prepared by serial dilution in ethanol. Nanoparticle suspension of 0.1mL is added to 1mL of 0.1mM freshly prepared DPPH solution in ethanol. The reaction mixture was shaken vigorously for 10 mins and then nanoparticles were centrifuged for and the supernatants absorbance was recorded at 517nm in a UV spectrophotometer. The radical scavenging efficacy was determined as a measure of decrease in absorbance by using the following formula.$$\documentclass[12pt]{minimal}
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where Abs ~control~ is the absorbance of DPPH + methanol and Abs ~sample~ is the absorbance of DPPH + sample (MONPs).

Bone Marrow-Derived Cell Culture and ROS Evaluation {#S0002-S2007}
---------------------------------------------------

Murine bone marrow-derived macrophages (BMDMs) were produced by gently flushing bone marrow cells from femurs and tibias of 6--10-week old BALB/c mice. These collected cells were cultured for a week in RPMI media (Gibco) with 10% FBS and 10 ng/mL recombinant mouse M-CSF (Peprotech, Rocky Hill, NJ, USA). To evaluate the ROS scavenging efficacy of MONPs the cultured BMDM cells 4 × 10^5^ cells are seeded in six-well plates and divided into four groups. The first group is left without any treatment (Control), the second group is treated with MONPs (20 μg) and the third group is treated with PAM3CSK4 (5μg/mL). The fourth group is pre-incubated for 30 mins with MONPs (20 μg) followed by the addition of PAM3CSK4 with additional incubation for 12 hrs. Finally, DCFHDA is added to all four groups and readings are obtained at FL-1 channel using a flow cytometer.

Establishment of the Neuropathic Pain Animal Model and Intrathecal Catheterization {#S0002-S2008}
----------------------------------------------------------------------------------

Partial sciatic nerve transection is performed according to previously reported protocols.[@CIT0025] The left sciatic nerve was gently exposed till mid-thigh level, and a prolene 7--0 ligature was inserted through the midpoint of the nerve just cranially to the branch running to the musculus biceps femoris, half of the nerve is transected in the ventrocranial direction up to the ligature. In the sham group, the sciatic nerve was gently exposed, and wound was closed with sutures. From the surgery day to day 14 the paw withdrawal thresholds are measured in sham-operated rats and PSNT rats to mechanical stimulus. Rats presenting any sign of motor deficit were excluded. Fourteen days post PSNT intrathecal catheter is implanted under 2% to 2.5% isoflurane anesthesia.[@CIT0026],[@CIT0027] Intrathecal catheter was constructed similar to our previous reports.[@CIT0028] At first, the rat's cisternal membrane is carefully pierced to insert a polyethylene catheter (PE 10 tubing, 8.0 cm) and threaded caudally to reach the lumbar enlargement of the spinal cord. The rostral end of the catheter was exteriorized at the top of the head, and the wound was closed with sutures. The nanoparticles are suspended in saline before administration. To test the anti-allodynic efficacy, 50μg of MONPs in 10μL saline are intrathecally administered through a syringe. After nanoparticle administration, the catheters were flushed with 15 μL saline and 30 mins post-injection the animals are randomly assigned to undergo paw withdrawal threshold test. The same procedure is repeated on days 16, 17 and 18 post-PSNT. Same procedures of spinal aspiration are performed on sham group rats with the same volume of saline injection without MONPS.

Behavior Test for Tactile Allodynia {#S0002-S2009}
-----------------------------------

The sensitivity of the plantar region of the left paw was measured using an automatic Dynamic Plantar Aesthesiometer (Ugo Basile, Comerio, Italy). Rats were separately placed in a plastic enclosure (25 cm long × 10 cm wide × 14 cm high) with a wire-meshed base and acclimatized for 20 mins before each session of testing and then a paw withdrawal response was initiated by gradually increasing the force using a blunt-end metal filament (0.5 mm) pointed to the mid-plantar surface of the hind paw. The force was initially below the detection threshold, and then was gradually amplified from 1 to 50 g in 1 g steps over 25 seconds, then maintained at 50 g for another 10 seconds. The paw withdrawal threshold was taken as the force required to initiate hind paw reflex and was recorded as the mean of three measurements at 2-min time intervals.

Behavior Test for Thermal Hyperalgesia {#S0002-S2010}
--------------------------------------

In this test, thermal hypersensitivity was examined using a Hargreaves radiant heat apparatus (7371; Ugo Basile, Comerio, Italy; infrared setting 80). The animals were placed in a plastic enclosure (23 cm long × 18 cm wide × 14 cm high) with plantar test apparatus at the base. Initially, the animals are acclimatized for 15 mins before behavioral testing. The apparatus is equipped with a movable noxious heat source placed directly below the plantar surface. Upon activation, the apparatus generates a continuous infrared heat stimulus pointed towards the plantar surface of the hind paw, and a distinctive paw withdrawal reflex was provoked, upon which the automated timer records the withdrawal response time. The animals were tested alternately, with a 5-min interval, and three measurements of latency were averaged for each hind paw in individual test sessions. The baseline threshold was between 8 and 10 seconds in naive rats, and a 22-second cutoff time was set to prevent paw damage.

Antinociception Test {#S0002-S2011}
--------------------

Tail flick latency was tested using a hot water immersion bath (52 ± 0.5ºC). The baseline latency was approximately 2 ± 0.38 seconds for naïve rats, and 10 seconds was set as the cut-off time. Rats were placed in plastic restrainers for the tail-flick test after the treatment of nanoparticles and the latency was checked at 30, 60 and 90 seconds after treatment with the nanoparticles.

Spinal Cord Preparation and Western Blotting Analysis {#S0002-S2012}
-----------------------------------------------------

After the behavioral testing, all the rats were euthanized under anesthesia with isoflurane (Abbott Laboratories Ltd., Queenborough, Kent, United Kingdom), and the left dorsal quadrant portion of the lumbar spinal cord enlargement was detached and stored at −80°C. The spinal cord samples were homogenized in ice-cold 1X RIPA lysis buffer (Temecula, CA) using an ultrasonic cell disruptor (Misonix, Inc. USA), then the homogenate was centrifuged at 13,000 RPM for 30 mins at 4°C. The supernatant was collected, and its protein concentration was determined using the Bradford protein assay. The proteins were denatured by heating at 90°C for 10 mins in an equal volume of reducing sample buffer and subjected to separation using 12% SDS-PAGE followed by protein transfer on to a PVDF membrane (Pall, Ann Arbor, MI, USA) and blocked using 5% skimmed milk in TBST (0.05% Tween 20 in TBS). Primary antibodies against COX-2 (ab52237; Abcam, Massachusetts, USA) were incubated at 4 °C overnight followed by the wash with TBST. Further, incubated with HRP-conjugated goat anti-rabbit (Leadgene Biomedical Cat\# 20202) antibody for another 3 h and detected using an Enhanced Chemiluminescence Western Blotting Kit (Advansta, Menlo Park, CA, USA).

Hematoxylin and Eosin Staining {#S0002-S2013}
------------------------------

After the treatment for 18 days, the histological analysis was performed by examining the morphological changes induced by MONPs in the dorsal horn of rats. Dorsal Horns were embedded in TissueTek OCT compound (Bayer). The OCT sections were cut (5 μm), mounted on Superfrost Plus slides (Thermo Fisher Scientific, Rockford, IL), dried for 1 hr at room temperature, stained for analysis using hematoxylin and eosin (H and E) staining kit (abcam, ab245880). The sections were examined under fluorescent microscope and images were obtained.

Statistical Analysis {#S0002-S2014}
--------------------

Unpaired data were evaluated using Student's *t*-test to compare two mean values, and one-way analysis of variance (ANOVA) followed by Tukey's multiple-comparison test was used to compare more than two mean values. All data were expressed as mean ± standard deviation. In all analyses, a P-value \<0.01 was considered statistically significant.

Results and Discussion {#S0003}
======================

Synthesis and Characterization of MONPs {#S0003-S2001}
---------------------------------------

Hydrothermal method is used for the synthesis of MONPs.[@CIT0023] Uv-Vis, TEM, SEM and PXRD were employed to study the morphological characteristics of the nanomaterials. [[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=225594.docx)]{.ul} shows the UV-Vis spectra of as as-synthesized MONPs. Scanning at the wavelength (λ~max~) between 200 and 800 revealed the existence of Mn~3~O~4~ pattern that matched with JCPDS card (\# 024--0734). As shown in [Figure 1A](#F0001){ref-type="fig"}, the synthesized nanoparticles have a uniform polyhedral shape with an average size of 10 nm. [[Figure S2](https://www.dovepress.com/get_supplementary_file.php?f=225594.docx)]{.ul} shows the data obtained by NTA for particle size distribution of the MONPs. Most particles are within a size range of 10--300 nm, which is higher than the mean size of TEM due to the covalent bonding between the nanoparticles. The SEM images show that NPs have polyhedral to spherical shape with slight aggregation ([Figure 1B](#F0001){ref-type="fig"}). The powder XRD patterns ([Figure 1C](#F0001){ref-type="fig"}) showed that synthesized nanoparticles were crystalline. The obtained diffraction peaks matched well to the standard hausmannite-pattern (JCPDS: 24--0734) with no impurities, indicating the high purity of nanoparticles. To characterize the chemical structure, Fourier-transform infrared (FT-IR) spectroscopy was performed ([Figure 1D](#F0001){ref-type="fig"}) from 4000 to 400 cm-^1^. The spectrum displays the representative absorption bands of υMn--O vibrations at 615 and 496 cm^−1^ along with a weak band at 1098 cm^−1^, which can be ascribed to υMn--O--H vibration. Finally, a broadband at 3400 cm^−1^ and another weak band at 1623 cm^−1^ were characteristic water peaks.Figure 1(**A**) Transmission electron microscopy micrograph of MONPs. (**B**) Scanning electron micrograph of MONPs. (**C**) X-ray powder diffraction patterns of MONPs and (**D**) Fourier-transform infrared spectra of MONPs.**Abbreviation:** MONPs, manganese oxide nanoparticles.

In vitro Innate Cytotoxicity Evaluation {#S0003-S2002}
---------------------------------------

The Cns-1 neural cells are treated with a series of increasing concentrations of MONPs (10, 20, 40, 60, and 100μg/mL) and LDH release was quantified, with DMEM treated cells as a negative control and Tritox-100 treated cells as positive control ([Figure 2](#F0002){ref-type="fig"}). At all concentrations, the nanoparticles showed excellent cell viability. These results are consistent with previous investigations where oral dose of MONPs at 5000mg/kg body weight did not affect the liver function in rats.[@CIT0021]Figure 2Effect of MONPs on LDH leakage in Cns1 neuronal cells. Cytotoxicity was determined by LDH release after 24 h of exposure to MONPs (10--100 μg/mL). Data are mean ± SD. Results were calculated as percentage of the positive control (Triton X-100-lysed Cns1) (n = 3).**Abbreviations:** MONPs, manganese oxide nanoparticles; LDH, lactate dehydrogenase.

Antioxidant Activity of MONPs {#S0003-S2003}
-----------------------------

For antioxidant properties of MONPs were evaluated in vitro by using 2.2-diphenyl1-picrylhydrazyl (DPPH) free radical. The hydrogen atom or electron donation capability of the MONPs was measured from the decolorization of a purple-coloured ethanolic DPPH solution.[@CIT0029] The DPPH and lipid peroxyl radicals are known to have comparable structures and the reaction percentage of DPPH and antioxidants give a good estimate for scavenging activities with lipid peroxyl radicals. Various lipid peroxidation inhibitors are known to alleviate mechanical sensitivity in neuropathic pain animal models.[@CIT0030] The freshly prepared DPPH solution exhibited a deep purple color with a sharp peak at 517 nm [Figure 3A](#F0003){ref-type="fig"}. As shown in [Figure 3B](#F0003){ref-type="fig"}, the anti-oxidant properties of nanoparticles increased with the increase in nanoparticle concentration showing a maximum of 60% at 5 mg/mL. These results showed that MONPs have strong antioxidant characteristics, and this activity could occur due to numerous oxidation states displayed by MONPs.Figure 3Absorption spectra of DPPH and oxidation of DPPH radicals. (**A**) As DPPH radicals are scavenged by the MONPs, there is a decrease in absorbance at 517nm which is monitored by ultraviolet-visible spectroscopy (**B**) DPPH free radical scavenging percentage at different concentrations of MONPs.**Abbreviations:** MONPs, manganese oxide nanoparticles; DPPH, 2,2-diphenyl-2-picrylhydrazyl hydrate.

MONPs Scavenge ROS in Bone Marrow-Derived Macrophages {#S0003-S2004}
-----------------------------------------------------

Of the various leukocytes present in the spinal cord after neuronal injury, macrophages predominate. Suppression of macrophage activation at the spinal level is shown to effectively alleviate neuropathic pain in various studies.[@CIT0031],[@CIT0032] Through the release of inflammatory mediators and enzymes involved in host defense, macrophages can damage neurons and glia. The ROS scavenging properties of MONPs are studied in bone marrow-derived macrophage cells (BMDM). The ROS generation is initiated in BMDM cells by treating with Toll-like receptor-2 (TLR2) ligand PAM3CSK4 and the ROS generated is quantified by treating with redox-sensitive dye DCFDA.[@CIT0033],[@CIT0034] Toll receptors are key initiators in mediating innate immune response and are activated upon various conditions ranging from pathogen encounter to nerve injury.[@CIT0035] These receptors are also known to play a key role in the activation of microglial cells, inflammation and the development of NP by triggering a signaling cascade that induces the production of reactive oxygen and nitrogen species. [@CIT0036],[@CIT0037] Significant elevation of cellular ROS (P\<0.05) is observed in BMDM treated with PAM3CSK4 as compared to untreated controls Mock and MONPs ([Figure 4](#F0004){ref-type="fig"}). Pre-treating BMDM 30 mins with MONPs significantly inhibited the elevation of ROS levels on treatment with PAM3CSK4, indicating the ROS scavenging capabilities in PAM3CSK4 treated cells thereby maintaining a redox-environment comparable to that of mock and cells treated only with MONPs ([Figure 4](#F0004){ref-type="fig"}). These results indicate that ROS rapidly accumulates in macrophages upon treatment with PAM3CSK4, while pretreatment with MONPs can scavenge ROS, and levels remain close to that observed for untreated control.Figure 4MONPs reduce ROS production induced by TLR1/2 agonist PAM3CSK4. The bone-derived macrophages are either untreated (Blank) or treated with MONPs (20 μg) or stimulated with triacylated bacterial lipopeptide PAM3CSK4 (5 μg/mL) or pre-incubated MONPs for 30 mins followed by the addition of PAM3CSK4 (5 μg/mL). The cells were further incubated for 12 hrs and readings were noted at FL-1 channel using a flow cytometer after the addition of DCFHDA. ROS generation was measured in triplicate. The data shown are the mean ± SD values of 3 individual experiments. \*\*p \< 0.01 versus untreated control, \*\*\*p \< 0.001 versus untreated control.**Abbreviations:** MONPs, manganese oxide nanoparticles; PAM3CSK4, PAM3CSK4, Pam3CysSerLys4; TLR 1/2, Toll-like receptor ½; DCFHDA, 2′,7′-dichlorofluorescin diacetate; ROS, reactive oxygen species.

Intrathecal Injection of MONPs Attenuates Mechanical Allodynia but Not Thermal Hyperalgesia in PSNT Rats {#S0003-S2005}
--------------------------------------------------------------------------------------------------------

To examine whether MONPs could attenuate mechanical allodynia, we chose partial sciatic nerve transection (PSNT), a well-known model for assessing neuropathic pain behavior in rats. Various animal models have been developed to study neuropathic pain. Among them, sciatic nerve ligation (SNL) and chronic constriction injury (CCI) are well-known models. However, SNL model is susceptible to infections and motor deficit.[@CIT0025],[@CIT0038] Whereas the differences in pain perception depend on ligature snugness and differential immune responses due to the usage of ligatures is a key limitation for CCI.[@CIT0025],[@CIT0038] As shown in [Figure 5](#F0005){ref-type="fig"}, we used a partial sciatic nerve transection (PSNT) that is known to have more advantages than the above reported models since a pure nerve injury is induced without the involvement of epineurial inflammatory component due to foreign material.[@CIT0025] Prior to PSNT surgery, the mechanical hypersensitivity of rats is determined by Dynamic Plantar Aesthesiometer. The rats with only those passing a predefined baseline (\>35 g) were selected for PSNT surgery. Following PSNT, rats were assessed for mechanical hypersensitivity from day 1 to 14 post operation. A decrease in the mechanical threshold was observed in the left paw of all the rats that underwent PSNT from day 1 ([Figure 6](#F0006){ref-type="fig"}). Whereas animals the sham group did not show any mechanical hypersensitivity. To evaluate whether MONPs could attenuate mechanical hypersensitivity, MONPs were delivered by intrathecal injection using a 10μL 26-S gauge syringe needle (Hamilton, USA) into the pre-inserted intrathecal catheters of PSNT rats from days 14 to 18 post PSNT. Although the mechanical allodynia of rats treated with saline sustained until day 18, rats treated with MONPs showed clear reduction in hypersensitivity from the initial treatment of nanoparticles on day 14 to the last day (day 18). Taken together, our results suggest that intrathecal administration of MONPs significantly improves PSNT-induced mechanical allodynia.Figure 5Experimental scheme for this study. Neuropathic pain was induced by partial sciatic nerve ligation in Wistar rats. MONPs were then administered intrathecally 14 days post nerve transection. Pain tested by using Dynamic Plantar Aesthesiometer was significantly attenuated in rats injected with MONPs compared with the saline-injected group. Scheme created with BioRender imaging software.Figure 6Time-course of the change in paw withdrawal threshold to mechanical stimulus in partial sciatic nerve transection (PSNT) rats and the effect of MONPs on mechanical paw withdrawal threshold in Sham and PSNT rats. Differences between paw withdrawal threshold to tactile stimuli in rats with sham surgery (N = 6) and PSNT were assessed preoperatively on the day of surgery (indicated as day --1 on the x-axis) and on day 14 after surgery. After PSNT, significant tactile sensitivity developed on day 14. The effect of intrathecal MONPs (50 μg) NPs on the antihyperalgesic effect was measured for 60 mins after saline or nanoparticle injection from days 14 to 18 after PSNT. p\<0.01.**Abbreviations:** PSNT, partial sciatic nerve transection; MONPs, manganese oxide nanoparticles.

In comparison, the Hargreaves test showed no significant increase in thermal pain threshold after MONP administration ([[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=225594.docx)]{.ul}). In general, patients with neuropathic pain show various kinds of abnormal sensations, including hyperalgesia (abnormal heightened sensitivity to noxious pain) and allodynia (central pain sensitization due to increased neuronal response). These abnormalities can occur either singly or in combination. This result highlights the fact that different mechanisms trigger the sensory disorders in neuropathic pain. This concept is supported by previous studies showing that different receptor systems are implicated in thermal hyperalgesia and mechanically evoked pain-related behavior.[@CIT0039]--[@CIT0042] According to our current understanding, nitric oxide (NO^•^) and superoxide (^•^O~2~^−^) reactive oxygen species have independent pain pathways wherein, nitric oxide-induced hyperalgesia was not affected by removing superoxide and superoxide-induced hyperalgesia was not affected by inhibiting nitric oxide.[@CIT0043] Some recent evidence shows that nerve transection induces the over-expression of NO^•^ contributing to hyperalgesia and is reversed by nNOS inhibitors.[@CIT0044],[@CIT0045] MONPs are reported to selectively scavenge superoxide (^•^O~2~^−^) species but not nitric oxide (NO^•^) species.[@CIT0046] This could have resulted in attenuation of mechanical allodynia without the attenuation of thermal hyperalgesia. We next investigated whether MONPs administration has any efficacy against nociceptive pain though tail flick test and we found no efficacy against nociceptive pain as expected ([[Figure S4](https://www.dovepress.com/get_supplementary_file.php?f=225594.docx)]{.ul}).

Cyclooxygenase 2 Protein Analysis {#S0003-S2006}
---------------------------------

COX-2 is a highly inducible protein which responds to inflammation and is often considered a target protein by various anti-inflammatory agents. Research evidence indicates that nerve injury and peripheral inflammation can spike the COX-2 mRNA levels and protein production.[@CIT0047],[@CIT0048] A chain of events relating ROS generation with NF-κB activation and consequent COX-2 protein production is well documented in literature.[@CIT0024],[@CIT0049],[@CIT0050] Intrathecal administration of COX-2 inhibitors was shown to prevent nerve injury--induced mechanical allodynia.[@CIT0051]--[@CIT0053] A wide range of non-steroidal anti-inflammatory drugs are known to induce analgesic activities primarily through the inhibition of COX-1 and COX-2 levels.[@CIT0054] Some studied reported that enhanced COX-2 production leads to the release of spinal prostaglandins, which can produce increased neuronal excitability in the spinal cord (central sensitization).[@CIT0055] Research evidence also shows that anti-oxidants can suppress the levels of COX-2 and alleviate inflammatory response.[@CIT0056],[@CIT0057] COX-2 expression after nervous injury has been known to play an important major role in peripheral and central sensitization, by altering the excitability of the nociceptor peripheral terminal. However.[@CIT0058],[@CIT0059]

To determine the role of COX-2 on PSNT-induced neuropathic pain, we first examined whether COX-2 expression levels are altered by nerve transection. As shown in [Figure 7](#F0007){ref-type="fig"}, PSNT increased the expression of COX-2 protein levels in the spinal cord and treatment with MONPs attenuated the concentration of COX-2 compared to PSNT vehicle-treated rats ([Figure 7](#F0007){ref-type="fig"}), demonstrating the anti-oxidant efficacy of the manganese oxide nanomaterials. These data indicate that MONPs relieve PSNT-induced neuropathic pain in rats by the downregulation of proinflammatory gene COX-2 in the spinal dorsal horn.Figure 7Effect of MONPs intrathecal single injection on COX-2 protein expression in spinal cord of sham surgery and PSNT animals through Western blotting analysis. β-Actin is the loading protein control.**Abbreviations:** MONPs, manganese oxide nanoparticles; COX-2, cyclooxygenase-2; PSNT, partial sciatic nerve transection.

Hematoxylin and Eosin Staining {#S0003-S2007}
------------------------------

Activation of glial cells including microglial cells, astrocytes, and oligodendrocytes is known to play a key role in the pathology of neuroinflammation and neuropathic pain. In the present study, histological analysis ([[Figure S5](https://www.dovepress.com/get_supplementary_file.php?f=225594.docx)]{.ul}) revealed that there is a significant spike in the number of astrocytes and oligodendrocytes in the dorsal horn of rats that underwent PSNT in comparison with sham rats. Treatment with MONPs reduced the activation of astrocytes, and oligodendrocytes. In addition, MONP treatment did not reveal any signs of inflammation in the dorsal horn, and no significant changes occurred in immune subpopulations when compared with those in controls. Our results are consistent with previous investigations where oral dose of MONPs even at a high dose of 5000mg/kg body weight did not affect the liver function nor hepatic morphological in rats.[@CIT0021]

Conclusion {#S0004}
==========

In summary, we have designed an efficient antioxidant defense platform for ROS elimination in partial sciatic nerve transection-induced neuropathic pain by using MONPs as intelligent ROS scavengers. A series of important experiments were performed in this study to enhance our comprehensive understanding of the antioxidative effects of MONPs. In vitro experiments using bone-derived macrophage cells revealed that the MONPs were efficient in scavenging intracellular ROS. Due to their extraordinary antioxidant properties in vitro, neuropathic pain was induced in a rat model using partial sciatic nerve transection to evaluate the ROS scavenging properties in vivo. The MONPs efficiently relieved the PSNT-induced mechanical allodynia in Wistar rats through the suppression of inflammation-associated enzyme COX-2. Taking together, our present study not only provided a detailed insight in understanding the anti-oxidant properties of MONPs in neuropathic pain but also provided a promising platform for the development of metal nanoparticles as redox-active nanozymes for the treatment of inflammatory disorders.

Future Prospects {#S0005}
================

The present work can be extended further by incorporating anti-nociceptive drugs like morphine that are used for long-term chronic pain management. The ROS scavenging properties of manganese nanomaterials might minimize the morphine-tolerance development in long-term pain management as the development of morphine antinociceptive tolerance is prevented by substances with antioxidant properties. Moreover, extensive work is required to understand the peripheral effects of MONPs for their application in pain medicine.
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